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We investigate the properties of the optical output fields from a cavity optomechanical system, where the 
cavity is driven hy a strong coupling and a weak prohe optical fields and the mechanical resonator is driven by 
a coherent mechanical pump. When the frequency of the mechanical pump matches the frequency difference 
between the coupling and probe optical fields, due to the interference between the different optical components 
at the same frequency, we demonstrate that the large positive or negative group delay of the output field at the 
frequency of probe field can be achieved and tuned by adjusting the phase and amplitude of the mechanical 
driving field. Moreover, the strength of the output field at the frequency of optical four-wave-mixing (FWM) 
field also can be controlled (enhanced and suppressed) by tuning the phase and amplitude of the mechanical 
pump. We show that the power of the output field at the frequency of the optical FWM field can be suppressed 
to zero or enhanced so much that it can be comparable with and even larger than the power of the input probe 
optical field. 


PACS numbers: 42.50.Wk, 42.50.Nn, 42.65.Dr, 42.65.Ky 


I. INTRODUCTION 

The field of optomechanical system that a movable mir¬ 
ror couples to a high-quality cavity via radiation pressure 
force has drawn much research attention in the past several 
years [1^]. One of the motivations is that optomechanical 
system is an important candidate for signal transmission and 
storage. In analog to the optical responses in atomic system, 
a form of induced transparency called optomechanically in¬ 
duced transparency (OMIT) was pointed out theoretically [5]. 
Soon afterwards, the phenomenon of OMIT as well as op¬ 
tomechanically induced absorption and amplification was re¬ 
ported for observing in various optomechanical systems [6- 
15]. One important result concomitant with the modification 
of the optical response is a dramatic variation of the phase of 
the transmitted field and this will lead to a positive or nega¬ 
tive group delay of the propagating field. Based on the OMIT, 
optomechanically induced absorption and amplification, op¬ 
tomechanical systems may be used for storage of optical sig¬ 
nals [16-20], and the slowing, advancing and switch of optical 
pulses have been demonstrated experimentally [8, 12]. 

Moreover, if an optomechanical cavity is driven by a strong 
coupling field with frequency Wc and a weak probe field with 
frequency ojp, then, due to the optical radiation pressure, be¬ 
sides the fields at the applied field frequencies Wc and Wp, a op¬ 
tical four-wave-mixing (FWM) field with frequency 2a;c — oJp 
will be generated in the system. The FWM field induced by 
the radiation pressure in optomechanical systems has been in¬ 
vestigated theoretically [21, 22], and it was shown that the 
strength of the FWM field can be enhanced by increasing the 
pump power of the strong coupling field. However, usually 
the power of the output FWM field is still much less than the 
power of the input probe field, and to our knowledge there is 
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no experimental report on the demonstration of FWM field in 
optomechanical systems to date. 

Recently, the optical response properties in an optomechan¬ 
ical system with the mechanical resonator driven by an ad¬ 
ditional mechanical field was considered theoretically [23]. 
It was found in Ref. [23] that the optomechanically induced 
transparency, amplification or absorption for the probe field 
can be controlled by adjusting the phase and amplitude of the 
strong coupling field. In experiments, by applying both op¬ 
tical and mechanical driving fields to a multimode-cavity op¬ 
tomechanical system with both the optomechanical coupling 
and parametric phonon-phonon coupling [24], a cascaded op¬ 
tical transparency was observed and the extended optical de¬ 
lay and higher transmission as well as optical advancing were 
demonstrated. 

Based on the optomechanical system with a mechanical 
pump [23, 24], in this paper we investigate in detail how to 
control the properties of the optical output fields from the 
cavity by adjusting the phase and amplitude of the mechani¬ 
cal pump. In the optomechanical system under consideration, 
the cavity is driven by a strong coupling optical field with re- 
quency Wc and a weak probe optical field with frequency ojp, 
the mechanical resonator is driven by a coherent mechanical 
field with frequency tOq. Due to the parametric coupling be¬ 
tween the optical and mechanical modes, there are two kinds 
of optical components in the output field of the optomechani¬ 
cal system: the one induced by the strong coupling and weak 
probe optical fields with frequencies Wc ± mS {6 = ujp — Wc) 
and the one generated by the strong coupling optical field 
and the mechanical driving field (sidebands) with frequencies 
U!c ± nujq, where m and n are integers [25-27]. In particular, 
when the resonant condition ujq = 5 = ujp — ujc 't^ fulfilled, the 
destructive or instructive quantum interference between these 
two kinds of optical output components provides us a way to 
control the properties of the optical fields output from an op¬ 
tomechanical system. For example, the optical delay of the 
output field at the frequency of optical probe field with fre- 
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quency Wp = Wc + u)q can be tuned accordingly by adjust¬ 
ing the phase and amplitude of the mechanical driving held. 
Moreover, the strength of the output held at the frequency of 
the FWM held 2ujc—u!p = ojc—ojq can also be controlled (i.e., 
enhanced and suppressed) by tuning the phase and amplitude 
of the mechanical driving held. 

This paper is organized as follows: In Sec. 11, we introduce 
the theoretical model of the optomechanical system with the 
driving of a strong coupling optical held, a weak probe opti¬ 
cal held, and a mechanical pump. In Sec. Ill, the properties 
of the sidebands induced by parametric coupling in this op¬ 
tomechanical system is discussed. The effect of the mechan¬ 
ical driving held on the group delay of the output held at the 
frequency of probe optical held is investigated in Sec. IV. In 
Sec. V, the output held at the frequency of the FWM held with 
the presence of mechanical driving held is studied. We draw 
our conclusions in Sec. VI. 



FIG. 1: (Color online) (a) Schematic of the optomechanical system 
for a Fabry-Perot optical cavity with a moving mirror (mechanical 
resonator). The optical cavity is driven by a coupling held and a 
probe held from the left-hand side. A mechanical pump Qrn is ap¬ 
plied to the mechanical resonator via an ac voltage source, (b) Exper¬ 
imental setup of the micro-wheel optomechanical system for optical 
mode coupling to a mechanical pinch mode through radiation pres¬ 
sure force, where the mechanical pump is realized by piezoelectric 
drive with radio frequency signal [24]. 


II. THEORETICAL MODEL 


We consider an optomechanical system consisting of a 
single-sided optical cavity with a moving mirror (mechani¬ 
cal resonator) in the right-hand side [Fig. 1(a)]. The optical 
cavity is driven by a strong coupling held (amplitude Sc, fre¬ 
quency ujc) and a weak probe held (amplitude £p, frequency 
ujp) from the left-hand side. A mechanical pump of strength 
flm = COS {ujqt + (f)m) (amplitude Em, frequency ujq, 
phase (j>m) is applied to the mechanical resonator via a tun¬ 
able ac voltage source. In the rotating frame at the frequency 
of the optical coupling held Wc, the Hamiltonian of the system 
is given by 

H/h = a + {q'^ + p'^) + ga'^aq 

+i (eco'l' -F - H.c.) 

+2qem, cos {ojqt + (j)m) , (1) 

where a (a^) denotes the bosonic annihilation (creation) op¬ 
erator of the cavity mode with resonance frequency uja in 
the absence of moving mirror; q and p are the dimensionless 
displacement and momentum operators of the moving mirror 
with resonance frequency Wm. = uJa — ojc(S = Wp — Wc) is 
the frequency detuning between the cavity mode (probe held) 
and the coupling held. We assume that Ec and £p are real, 
and (j)p is the phase difference between the probe and cou¬ 
pling helds. This Hamiltonian (1) can also be realized by a 
micro-wheel cavity with optical mode coupling to a mechan¬ 
ical pinch mode through radiation pressure force [Fig. 1(b)] 
and the mechanical pinch mode is piezoelectric ally driven by 
a radio frequency signal as in Ref. [24]. 

By the Heisenberg equations and the factorization assump¬ 
tion like (qa) = (q) (a), one gets the mean value equations 
for the operators of the optical and mechanical modes 

A (a) = _ + j(A„-Fp(q))] (a) 

+£, + £pe-*'5tg-i0,^ (2) 


{q) + (<?) + {q) 

= - 0 Jmg{a'^) (a) -2uJm£Tn cos {ujqt + (j)m) , (3) 

where 7 ^ is the mechanical damping rate; 7 ^ = jap + 7a,e is 
the cavity damping rate, including the intrinsic loss 7a ,0 and 
the damping through the left-side mirror ja,e- 

Firstly, we examine the mean values of the operators in the 
steady state and denote and q^ the (zeroth-order) steady- 
state mean values for the cavity held and mechanical displace¬ 
ment when £p —0 and Em. 0. The mean values in the 
steady state can be expressed as 


ao 


£c 

7a + *A ’ 


(4) 


9o = —— |ao|^ , (5) 

where A = Aa + gqo is the effective detuning. 

Generally, the mean values can be written as the sum of the 
steady state mean values and the time dependent ones, i.e., 
(a) = ao + a (f) and (q) = qg -F q[t). Since the probe op¬ 
tical held and mechanical driving held are much weaker than 
the strong coupling optical held, i.e., {|£p| , |£m|} "C |£c|, we 
have |ao| |5(f) | and |qo| |q(f) |, then Eqs. (2) and 
(3) can be linearized by keeping the linear terms of the small 
time-dependent values, 

^5 = - (7a -F iA) 5 - iGq -F , (6) 






(7) 


where G = gao is the effective optomechanical coupling rate. 
With using the ansatz: 


a — cip-i-e -F CTp—-F am+c + CTm— 
q = qpe-*^‘ + q:e*^‘ + 


A6t 


(9) 
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one can obtain the solution of the coefficients as 


ap_i_ 

Ctp— 

Qp 


-fa + iiA-S)+ix ( 15 ) 1 ^ 1 ^’ 
Xa + i{A + sfp’ 

X{6) G*epe-^^^ 

J, + ^{A-S)+ix{S)\G^ 


( 10 ) 

( 11 ) 

( 12 ) 


^m+ 


^m — 


Qm 


-iX {Ujq) G _ , 

Q C JJl C 

7a + i (A - UJq) + ix (w,) |G| 

-iG 

[ja+iiA + UJq)f^’ 

X (Wg) [7a + i (A - UJq)] ^ 

Q c jji a 

7 a + i (A - Wg) + ix (Wg) |G| 


,(13) 

(14) 

,(15) 


where the mechanical effective susceptibility 


x(w) 



ijrnUJ + 


iuJm\G\'^ \ 
7„-i(A+aj) ^ 


(16) 


Note that in the right hand of Eq. ( 8 ), the first term means 
the optical probe field with frequency Wp, the second terms 
represents the FWM field with frequency 2a;c — tOp = ujp — 
2(5, the third and fourth terms stand respectively for the (first) 
upper and lower sidebands generated by the strong coupling 
optical field and the mechanical driving field with frequencies 

LUc dl iOq. 

Using the input-output relation [28], the optical field output 
from the optomehcanical cavity is given by 

Eout = 27a,e (o) “ Ec “ epe“*^*e“*‘^'’. (17) 


The output field at the frequency of the probe field (ujp) is 
obtained as (normalized to the input power of the optical probe 
field) 


27a,etrp+ Sp6 

gpg-i0p 


(18) 


and the FWM field (frequency 2a;c — Wp) in the output of the 
cavity is given by 




27a,eQ(p— 

gpg-i0p 


(19) 


Besides, due to the mechanical driving field, there are two 
sidebands (f„ for the upper sideband ujc + Wg and ti for the 
lower sideband uJc — ^q) generated in the output field with the 
amplitudes 


t 


U 


U 


27a,eEtm-t- 
27a,eEtm — 


( 20 ) 

( 21 ) 


which are normalized to the power of the mechanical driving 
field. 


If the frequency of the mechanical driving field is equal to 
the frequency detuning between the probe and coupling fields, 
i.e., u!q = S = ujp — uJc, then the output field at the frequency 
of the probe field is obtained as (normalized to EpC"*'^*’) 


ipu — tp 


■ Vtue 


i(p 


( 22 ) 


where rj = Sm/sp, = <Pp — 4‘m- The group delay Tg is 
defined by [ 6 , 8 , 12 ] 


d5' 


(23) 


where 9 = arg {tpu) is the phase dispersion of the output field 
at the frequency tOp = ujc + ^q- The definition allows for 
a negative group delay {Tg < 0 ) which corresponds to the 
advancing of the probe field. 

At the same resonant condition, the optical FWM field 
(with frequency 2ujc — oJp) and the lower sideband (with fre¬ 
quency ujc—ojq) have the same frequency, then the output field 
at the frequency of the FWM field (2wc — ojp = uJc — Wg) is 
given by (normalized to £pe~'“^^) 


tfi = tf + ■qtie'*. (24) 


From Eqs. (22) and (24), the output fields are the coher¬ 
ent addition of the two parts (from the optical probe and the 
mechanical pump, tp and rjiu or tf and rjti), and the relative 
amplitude 77 and phase difference between them (j> can be used 
to control the properties of the output fields. 

In the following sections, we will investigate the prop¬ 
erties of the optical fields output from the optomechanical 
system numerically by the equations obtained in this sec¬ 
tion. In the numerical calculations, we use the parameters 
from a recent experiment [24]: uim = 2 tt x 1.094GHz, 
7 a = 27rx0.255GHz, 7 a,e = 0 . 27 a and 7 ^ = 27rxl6.8kHz. 
Without loss of generality, G is assumed real and positive 
in the following discussions. Here and afterwards, we fix 
A = Wm, which provides the optomechanical cooling for the 
mechanical resonator and is widely applied in the previous 
works on OMIT [5-15]. 


III. MECHANICAL PUMP INDUCED SIDEBANDS 


In this section, we will discuss about the sidebands induced 
by the mechanical pump given by Eqs. (20) and (21). Here, 
we only consider the first sidebands (upper sideband with the 
frequency lOc + Wg and lower sideband with the frequency 
LOc — ojq) by taking the linear approximation in the derivation 
of Eqs. (20) and (21). The effect of higher-order sidebands 
can also be discussed by considering the nonlinear terms as in 
Ref. [27]. 

Figure 2 shows the strength of the output fields at the 
first-sideband (jfaP and |f;p) as functions of the detuning 
{ujq — uJrn)/Xm [panels (a) and (b)] and the optomechanical 
coupling rate G/27r [panels (c) and (d)]. There is a peak for 
the power spectrum of the output field at the first-sideband 
around the point ojq = uJm, and the linewidth of the spectrum 
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FIG. 2: (Color online) The strength of the output field at the upper 
sideband |fu|^ [(a) and (c)] and lower sideband [(b) and (d)] as 
functions of the detuning between mechanical mode and mechanical 
driving field [(a) and (b)] for optomechanical coupling rate taking 
different values [(i) G — 2tt x 0.5 MHz; (ii) G = 2% x 1.0 MHz; 
(iii) G = 27r X 2.0 MHz], and as functions of the optomechanical 
coupling rate [(c) and (d)] for mechanical resonator driven resonantly 
(ijq — ujm)- Note that we fix 5 = ujq and A = ujrn here and 
afterwards. The other parameters are u)m = 27r x 1.094 GHz, 7 ^ = 
27r X 0.255 GHz, '^a,e = 0.27a and 7^ = 27r x 16.8 kHz. 


is broadened with the increase of the optomechanical coupling 
rate. Moreover, the strength of the output field at the first- 
sideband is much stronger than the mechanical driving field 
(|f„P > 1 and > 1 ) around the resonate point ujq = uim, 
and the strength of the output field at the first-sideband is de¬ 
pendent on the strength of the optomechanical coupling rate. 

As shown in Fig. 2(c) and 2(d), the strength of the out¬ 
put field at the first-sideband increases fast with the optome¬ 
chanical coupling rate and reaches the maximum around G = 
27r x 2.1 MHz, which is consistent with the analytical result 
of the optimal value Gom — = 27r x 2.1 MHz from 

Eqs. (11) and (18). As the incease of G above the optimal 
value Gom, the strength of the output field at the first-sideband 
decreases slowly with the optomechanical coupling rate be¬ 
cause of the fast broadening of the spectrum when G becomes 
large. 


IV. OPTICAL DELAY AND ADVANCING 

As have been mentioned in the introduction, the optical 
response properties in an optomechanical system by coher¬ 
ently driving the mechanical resonator were investigated in 
Ref. [23], and optomechanically induced transparency, ab¬ 
sorption and amplification are predicted for the probe field 
by adjusting the phase and amplitude of the coupling opti¬ 
cal field. In addition to that, group delay is another important 
parameter to describe the optical responses. In this section, 
with Eqs. (22) and (23), we will show that the optical positive 
or negative group delay of the output field at the frequency 


FIG. 3: (Color online) The output spectrum \tp„\'^ [(a) and (c)] and 
phase [(b) and (d)] as functions of the detuning between probe and 
coupling fields. The black solid line is given for 7 = 0; the red dash 
line is given for 7 = 0.01 and <f) — 0 ; the blue short dash line is 
given for 7 = 0.01 and <p = n. Here G = 27r x 1.5 MHz. For the 
other parameters, see Fig. 2. 


of optical probe field can be controlled by adjusting the phase 
and amplitude of the mechanical driving field. 

The output spectrum \ tpu\'^ as a function of the detuning be¬ 
tween the probe and coupling fields is presented in Eig. 3(a) 
and (c). In the case without the mechanical pump (7 = 0), 
there is a low efficient transparency window with transmission 
rate ~ 0.54 at (5 = uJrn- When the mechanical pump is 
applied to the mechanical resonator with 7 = 0 . 01 , the trans¬ 
parency of the probe field will be enhanced with transmission 
rate \tpu\‘^ ^ 0.95 for </> = 0 or suppressed with transmission 
rate ~ 0.25 for (j) = tt. This is similar to that reported 
in Ref. [23]. In order to reveal more about the origin for the 
enhancing and suppressing of the output field induced by the 
mechanical pump, we show |fpp, and \tpu\‘^ as func¬ 

tions of the normalized amplitude of the mechanical pump 7 
in Eig. 4. When ^ = 0, there is constructive interference be¬ 
tween tp and r]tu, and one can find |fp„p ~ 4|tpp ~ 4 | 7 f„p 
around 7 = 0.031 as shown in Eig. 4(a). When (j) = tt, there 
is destructive interference between tp and r]tu, and one can 
find the strongest destructive interference |fpup ~ 0 around 
7 = 0.031 as shown in Eig. 4(b). 

The phase dispersion and the group delay of the output field 
at the frequency of the probe field are shown in Eig. 3(d) and 
Eig. 5(a), respectively. The enhancement of the optical trans¬ 
parency leads to faster variation of the phase [see the red dash 
line in Eig. 3(d)] and therefore larger optical group delay of the 
output field [see the red dash line in Eig. 5(a)]. Conversely, the 
suppression of the transparency induces negative derivative of 
the phase with respect to the frequency [see the blue short dash 
line in Eig. 3(d)] and negative group delay, that is the advanc¬ 
ing of the output field [blue short dash line in Eig. 5(a)]. 

The effects of the mechanical pump on the group delay of 
the output field at the frequency of the probe field are shown 
in Eig. 5. Erom Eig. 5(a) and (b), the delay can be increased by 
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FIG. 4: (Color online) and plotted as functions 

of the normalized amplitude of the mechanical pump rj for for G — 
27r X 1.5 MHz with (a) (j) = 0 and (b) (j> = -k. Here 5 = cum and the 
other parameters are the same as in Fig. 2. 


FIG. 6: (Color online) (a) Group delay Tg (in units of fis) plotted as 
a function of rj and t/i/vr for G — 2-^ x 1.5 MHz. (b) Tg plotted as a 
function of rj for different values of G [(i) G = 27r x 1.0 MHz; (ii) 
G = 27 r X 1.5 MHz; (hi) G = 27 r x 3.0 MHz] with 0 = vr. In this 
figure, the detuning S = LJm and the other parameters are the same 
as in Fig. 2. 
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FIG. 7: (Color online) In the absence of mechanical pump rj = 0, 
the normalized strength of the output FWM field \tff plotted (a) as 
a function of the detuning {5 — uim) /7m for different values of G [(i) 
G = 273 X 3 MHz; (ii) G = 27r x 2 MHz; (iii) G = 27r x 1 MHz], 
and (b) as a function of G with <5 = utm. The other parameters are 
the same as in Fig. 2. 


FIG. 5: (Color online) Group delay Tg as a function of (a) the detun¬ 
ing between coupling and probe fields {5 — ajm)/7m, (b) the effec¬ 
tive optomechanical coupling rate G, (c) phase difference (j>/TT and 
(d) strength ratio rj. In panels (b), (c) and (d), the detuning <5 = ojm. 
The other parameters are the same as in Fig. 2. 


the mechanical pump (77 = 0 . 01 ) with phase ^ = 0 or tuned 
to negative value when cj) = tt. The group delay as a func¬ 
tion of the amplitude p of the mechanical pump and phase (j) 
is given in Fig. 5(c) and (d), and the tunable group delay (pos¬ 
itive and negative) of the output field at the frequency of the 
probe field can be realized efficiently by adjusting the ampli¬ 
tude and phase of the mechanical pump. 

The group delay as a function of the amplitude and phase of 
the mechanical pump is shown in Fig. 6 (a). This plot shows 
that the group delay varies fast around the point 77 ~ 0.031 
and 4> = TT, i.e., it can be tuned from the strong negative delay 
for rj a little smaller than 0.031 to the strong positive delay 
for jj a little larger than 0.031 at fixed (j) = tt. This fast varia¬ 
tion of group delay induced by the mechanical pump is associ¬ 
ated with the changing from the absorption to the transparency 
of the probe field in the transmission spectrum as shown in 
Fig. 4(b). In addition, the group delay as a function of 77 for 
different values of the effective optomechanical coupling rate 
G is shown in Fig. 6 (b). Much longer maximal possible delay 
(advancing) can be obtained for smaller G. 


V. CONTROL THE OUTPUT FIELD AT FREQUENCY OF 
FWM FIELD 

The FWM field in standard optomechanical system has al¬ 
ready been studied in some previous literatures [21, 22]. It 
was shown that the signal of FWM can be enhanced and ex¬ 
hibits normal-mode splitting as the increasing of the power of 
the coupling field (or the effective optomechanical coupling 
rate G) [21, 22]. The output FWM spectra in the absence 
of mechanical pump is shown in Fig. 7. There are two fea¬ 
tures for the FWM enhancement by the increase of G [2 1 , 22] : 
(i) the linewidth of the FWM spectra is broadened with the 
strengthening of the FWM field; (ii) the strength of the FWM 
field will reach a saturation point [|f/|sat ~ ( 7 a.e/wm)^] by 
the increase of G and the saturation strength is much smaller 
than the input probe field (about 2.2 x 10“^ for the parameters 
given in Fig. 7). In this section, with Eq. (24), we will show 
that the strength of the output field at the frequency of the 
FWM field also can be controlled by the mechanical pump. 

In Fig. 8 , the normalized strength of output field at the fre¬ 
quency of the FWM field |f//p is plotted as a function of the 
detuning (i5 — for different values of the amplitude 

of the mechanical pump. When ^ = 0, with the strength¬ 
ening of the mechanical pump, increases significantly 
[Fig. 8 (a)]. When (j) = tt, with the strengthening of the me¬ 
chanical pump, |t//p are suppressed almost completely for 
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r] = 0.0059 as shown in Fig. 9(a). When </> = tt, there is de¬ 
structive interference between and e.g., |f/ip — 0 

around rj = 0.0059 as shown in Fig. 9(c). By further strength¬ 
ening the mechanical pump, the strength of output field at the 
frequency of the FWM field increases monotonically with no 
saturation behavior, as shown in Fig. 9(b) and (d). The nor¬ 
malized strength of the output field at the frequency of the 
FWM field becomes larger than 1 when p > 0.38 and this 
mainly comes from the output field at the lower sideband in¬ 
duced by the mechanical pump. 

Analytically, from Eq. (24), the output field at the frequency 
of the FWM field will vanish (tfi = 0) at 6 = tOm when the 
amplitude and phase for the mechanical pump satisfy 


rje 


-G* 

+ i {A - 6) 


(25) 


FIG. 8 : (Color online) The normalized strength of the output field 
at the frequency of the FWM field |f/i P plotted as a function of the 
detuning (<5 — uJm)l'ym for different values of rj with <)) = 0 in (a) 
and (b) and (j) = tt in (c) and (d). The other parameters are the same 
as in Fig. 2. 




FIG. 9: (Color online) |f/p, and |f/ip plotted as functions of 
the normalized amplitude of the mechanical pump 77 with cj) = 0 in 
(a) and (b) and 0 = tt in (c) and (d). Here <5 = oJm and G — 2Trx 1.5 
MHz. The other parameters are the same as in Fig. 2. 

r] = 0.005 as shown in Fig. 8 (c). becomes compara¬ 

ble and even larger than the strength of input probe field with 
the further increase of rj for both = 0 and tt as shown in 
Fig. 8 (b) and (d). The linewidth of the output field at the fre¬ 
quency of the FWM field is almost fixed. 

To explain the enhancing and suppressing of the strength of 
output field at the frequency of the FWM field induced by the 
mechanical pump, we show |f/p|, and |f/ip as func¬ 

tions of the normalized amplitude of the mechanical pump -q 
in Fig. 9. When </> = 0, there is constructive interference be¬ 
tween |fyp and Iryfip, e.g., |t//p — 4|fyp ~ around 


With the parameters using in Fig. 9, that is, G = 27r x 1.5 
MHz, A = S = ojq = ujm., and 7 ^ = 27r x 0.255 GHz, one 
can find from Eq. (25) that the output field at the frequency of 
the FWM field will vanish (tji — 0) when q ~ 0.0059 and 
(j) = TT. This agrees well with the numerical result shown in 
Fig. 9(c). 


VI. CONCLUSIONS 

In summary, we have investigated the properties of the op¬ 
tical output fields from an optomechanical system in the pres¬ 
ence of a strong coupling optical field, a weak probe optical 
field, and a mechanical pump. We demonstrate that the optical 
delay of the output field at the frequency of optical probe field 
can be tuned by adjusting the phase and amplitude of the me¬ 
chanical driving field. This result may have potential applica¬ 
tions in quantum information storage and transfer by realizing 
long optical delay or advancing in optomechanical systems. 
Moreover, the strength of the output field at the frequency of 
FWM field can also be controlled (enhanced and suppressed) 
by tuning the phase and amplitude of the mechanical driving 
field. The enhancing or suppressing of the output field at the 
frequency of FWM field is induced by the interference be¬ 
tween the FWM field and the lower sideband field and it is 
worth mentioning that both of them are generated by the non¬ 
linear processes. The efficient enhancing of the output field 
at the frequency of FWM field by a mechanical pump may 
provide a route to demonstrating FWM in the optomechanical 
systems experimentally. 
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